ptprd is a receptor-type tyrosine-protein phosphatase. recent analyses of comprehensive mutations and copy numbers have revealed that PTPRD is frequently mutated and homozygously deleted in various types of cancer, including glioblastoma, melanoma, breast and colon cancer. however, the molecular functions of ptprd in cancer progression have yet to be elucidated. herein, ptprd suppressed colon cancer cell migration and was required for appropriate cellcell adhesion. in addition, ptprd regulated cell migration in cooperation with β-catenin/tcF signaling and its target cd44. Furthermore, expression levels of ptprd were down-regulated in highly invasive cancers and were significantly correlated with patient survival. Our findings suggest that PTPRD is required for colon cancer invasion and progression.
Introduction
receptor-type tyrosine-protein phosphatase δ (ptprd) is a receptor type tyrosine-protein phosphatase (rptp) that is composed of a cell adhesion molecule-like extracellular domain and two cytoplasmic protein tyrosine phosphatase (ptp) domains (1, 2) . ptprd is predominantly expressed in the brain and is known to be involved in the guidance and termination of motor neurons during embryonic development (3) . ptprd knockout mice exhibit impaired learning and memory, also indicating that ptprd is essential for the organization of neural circuits (4) .
it has been shown that PTPRD is frequently mutated in various types of cancer, including lung, colon cancer and glioblastoma (5) (6) (7) (8) . Furthermore, homozygous deletions and epigenetic silencing of PTPRD are also found in these cancers, indicating that PTPRD is a tumor-suppressor gene (9) (10) (11) . however, the molecular functions of ptprd in cancer progression are not fully understood.
the extracellular domain of ptprd was reported to enhance neurite outgrowth in an isoform-specific manner (12) . the intracellular domain of ptprd interacts with cytoskeletal rearrangement factors, such as the liprin-α family of proteins and mim (missing in metastasis, also known as mtSS1) (13) (14) (15) . these observations indicate that ptprd regulates the adhesion and migration of cancer cells and that the loss of ptprd function promotes cancer progression. in the present study, ptprd suppressed colon cancer cell migration and was found to be required for appropriate cell-cell adhesion. ptprd also regulated cell migration in cooperation with β-catenin/tcF signaling and its target cd44. cd44 is a receptor for hyaluronic acid and other extracellular matrix (Ecm) proteins, and is reported to be involved in cancer invasion and metastasis (16) . Furthermore, the expression levels of ptprd were decreased in highly invasive cancers compared to less invasive cases, and were significantly correlated with patient survival. these results implicate ptprd in colon cancer cell invasion and progression.
Materials and methods
Cell culture and transfection. dld-1 cells were cultured in rpmi medium supplemented with 10% fetal bovine serum (FBS). HEK293T cells were cultured in Dulbecco's modified Eagle's medium (dmEm) containing 10% FBS. rKO cells were cultured in Eagle's minimum essential medium (mEm) containing 10% FBS. plasmids and sirnas were transfected into cells using lipofectamine 2000 and rnaimax (invitrogen), respectively.
Plasmid construction. myc-tagged ptprd (corresponding to nm_002839.2) was generated by pcr from the cdna of hEK293t cells and cloned into pcdna3.1(+) (invitrogen). For the preparation of GSt-fusion proteins, cdna fragments were subcloned into pGEx-5x (GE healthcare). GSt-fusion proteins were synthesized in Escherichia coli and isolated by adsorption to glutathione-conjugated Sepharose (GSh-Sepharose; pharmacia). catalytic-inactive (c1553S) and substrate-trapping (d1521a) mutants of ptprd were generated using pcr mutagenesis and cloned into pcdna3.1(+) and pGEx-5x, respectively.
Antibodies. mouse monoclonal antibodies to β-catenin, plakoglobin and E-cadherin, were obtained from Bd Biosciences. the rabbit polyclonal antibody to ptprd was generated by immunizing rabbits with a GSt-fusion protein containing amino acids 1096-1127 of ptprd. the antibodies were purified by affinity chromatography using columns to which the antigens used for immunization had been linked.
Quantitative RT-PCR. total rna was extracted using trisure (Bioline) and reverse-transcribed into cdna using the revertra ace qpcr rt kit (toyobo). real-time pcr was performed using lightcycler480 SYBr Green i master and a lightcycler480 instrument (roche). the results were normalized with the detected value for Gapdh. primers used in rt-pcr were as follows: Gapdh forward, 5'-Gca ccG tca aGG ctG aGa ac-3'; Gapdh reverse, 5'-tGG tGa aGa cGc caG tGG a-3'; ptprd forward, 5'-Gct Gct Gct cct cac ttt ct-3'; ptprd reverse, 5'-cGG GtG ttc GtG taa acc tt-3'.
Immunoblotting, immunoprecipitation and GST pull-down assay. immunoblotting, immunoprecipitation and GSt pulldown assays were performed as described previously (17) .
Immunofluorescence staining. Cells were fixed with 10% formalin/pBS for 15 min and stained overnight with each antibody at 4˚C. Primary antibodies were diluted as follows: anti-β-catenin (1:500), anti-plakoglobin (1:500) and anti-E-cadherin (1:250). Staining patterns obtained with antibodies were visualized with alexa Fluor 488-conjugated secondary antibodies (molecular probes). cells were photographed with a carl zeiss lSm510 laser scanning microscope (carl zeiss).
Migration and scattering assays. cell migration assays were performed as described previously (18) with minor modifications. Briefly, the underside of the filter membrane was coated with 4 µg/ml type-i collagen (Koken, Japan), 10 µg/ ml fibronectin (Sigma-Aldrich) or 10 µg/ml laminin (Sigmaaldrich), respectively, and was allowed to air-dry. transfected dld-1 cells (1x10 4 cells per well) were added to the upper compartment of the transwell and allowed to migrate to the underside for 6 h. For rKO cells, 5x10 3 cells were allowed to migrate for 4 h.
For scattering assays, transfected dld-1 cells (1.2x10 5 ) were seeded on coverslips (18 mm in diameter; matsunami) and cultured for 48 h. Cells were fixed with 10% formalin/ pBS for 15 min and stained with tO-prO 3 (molecular Probes). For quantification of scattering, staining patterns were photographed and analyzed by image-J software. the scattering index is defined as the ratio of the area of scattering nuclei divided by that of total nuclei.
RNA interference experiments. Stealth sirna duplexes against ptprd were purchased from invitrogen. the sequences of sirnas targeting the human ptprd were: ptprd-1, 5'-aca tca ttc aGt tGt aGc aca ttt c-3'; ptprd-3, 5'-atG act tGt atG tca ctt Gaa aGG G-3'. Validated Stealth negative control sirna duplex with low Gc content (invitrogen) was used as a control. dna oligonucleotides encoding shrna were subcloned into pSuper-retro-puro (OligoEngine). the sequence of shrna targeting the human cd44 was 5'-ctG GcG caG atc Gat ttG aat-3'.
Microarray analysis. microarray datasets and clinical annotations were obtained from the Gene Expression Omnibus (GSE5206 and GSE17537). Signal values of each dataset were log-transformed and normalized before analysis. the probe set ids were converted to Ensembl gene id. in cases where one gene id matched multiple probe set ids, probe sets with low signal intensity were excluded, and the probe set which shows the most variance across the samples was mapped to the gene id. Wnt target genes were obtained from the Wnt homepage (http://www.stanford.edu/~rnusse/wntwindow. html) and converted to Ensembl gene id. hierarchical clustering and visualization of the results were performed using Genepattern software, and survival analysis was performed using r software.
Results
PTPRD suppresses colon cancer cell migration. to investigate the role of ptprd in cell migration, knockdown experiments were performed using two distinct small interference RNAs (siRNAs). The expression of PTPRD was significantly reduced in DLD-1 cells transfected with the specific siRNAs, but not the control sirna ( Fig. 1a ). When sirna-transfected cells were subjected to migration assays using collagen-coated Boyden chambers, the migratory activity of these cells was significantly increased compared to that of the control siRNAtransfected cells (Fig. 1B) . We next performed cell scattering assays and found that the knockdown of ptprd induced cell scattering without growth factor stimulation ( Fig. 1c and d) . consistent with these results, ectopic expression of ptprd resulted in the inhibition of cell migration (Fig. 1E) . notably, the ectopic expression of a catalytic inactive mutant of ptprd (ptprd-cS) also suppressed migration to the same extent as the wild-type, implying that phosphatase activity is dispensable for this suppression.
PTPRD is required for appropriate cell-cell adhesion. it is widely accepted that the disruption of cell-cell adhesion is a crucial step in cancer invasion and metastasis (19) . the extracellular domain of ptprd undergoes homophilic binding, indicating that ptprd plays a role in cell-cell adhesion (20) . We therefore assessed the formation of cell-cell contacts in cells transfected with PTPRD-specific siRNAs by immunostaining for the adhesion molecules, β-catenin, plakoglobin and E-cadherin. these adhesion molecules clearly accumulated at the cell-cell contacts in cells transfected with control sirna, whereas they showed diffused localization in cells transfected with PTPRD-specific siRNAs ( Fig. 2A , arrowheads). these results suggest that ptprd is required for appropriate cell-cell adhesion.
We next investigated whether ptprd directly interacts with these adhesion molecules. it is known that the membraneproximal d1 domain is catalytically active, while distal d2 domain and substrate-trapping da mutant are inactive (1, 2) . We constructed GSt-fusion proteins containing one of the two ptp domains (d1 and d2) or a substrate trapping mutant of d1 (da), respectively. When cell lysates were subjected to pull-down assays with these GSt-fusion proteins, β-catenin was found to interact with d2, but not d1, da or GSt alone (Fig. 2B) . To confirm this result, in vivo immunoprecipitation experiments were performed with hEK293t and dld-1 cells using anti-ptprd antibody. Both β-catenin and E-cadherin co-precipitated with ptprd, whereas n-cadherin did not (Fig. 2c ). in these experiments, co-precipitations of β-catenin and E-cadherin were inhibited by pre-incubation of the antibody with the antigen used for immunization. these results suggest that ptprd directly regulates the function of the β-catenin/E-cadherin complex. PTPRD regulates cell migration in cooperation with β-catenin/TCF signaling. dld-1 cells harbor biallelic nonsense mutations of apc and express truncated mutant apc. truncated mutant apc is capable of enhancing cell migration through activation of both β-catenin/tcF and rac/cdc42 signaling (18, (21) (22) (23) (24) . consistent with previous reports (22) (23) (24) , ectopic expression of ∆N-TCF4, a dominant-negative form of tcF4, suppressed cell migration (Fig. 3a) . the migratory activity of cells transfected with ∆N-TCF4 along with wild-type PTPRD was unexpectedly significantly higher than that of cells transfected with ∆N-TCF4 alone. By contrast, ptprd-cS, a catalytic inactive mutant, did not show this effect. thus, it appears that ptprd stimulates cell migration in a phosphatase activity-dependent manner in the absence of Wnt signaling. to rule out the possibility that ptprd overcomes or inhibits the dominant-negative effect of ∆N-TCF4, luciferase assays were performed using a tcF-responsive reporter. ptprd failed to increase its reporter activity when co-expressed with ∆N-TCF4 ( Fig. 3B) . We next performed migration assays using rKO cells, which contain intact apc and β-catenin. rKO cells transfected with ptprd showed increased motility in a phosphatase activity-dependent manner compared to the control cells ( Fig. 3c) . in contrast, when β-catenin-S33Y, a constitutively activated form of β-catenin, was co-expressed, ptprd suppressed cell migration in a phosphatase activity-independent manner, as observed with dld-1 cells in Fig. 1E . taken together, these results suggest that the effect of ptprd on cell migration depends on the status of β-catenin/tcF signaling. We therefore attempted to identify Wnt target genes that are involved in the regulation of ptprd-dependent migration. Knockdown experiments were performed using shrnas targeting known Wnt target genes. Similar to cells transfected with ptprd, cells transfected with a shrna targeting cd44 (shcd44) showed decreased motility compared to control cells (Fig. 3d) . however, cells transfected with ptprd along with shcd44 showed increased migratory activity compared to cells transfected with shcd44 alone. these observations suggest that cd44 is involved in ptprd-dependent migration.
The expression levels of PTPRD are low in highly invasive cancers and correlate with patient survival. to investigate the clinical importance of PTPRD, gene expression profiles of human colon cancers were obtained from a public microarray database. the expression levels of ptprd were significantly lower in the highly invasive cancers (T stage 3 or 4) than in the less invasive cancers (Fig. 4a ). there were no significant differences in either lymph node and distal metastasis (data not shown). in most colon cancers, apc or β-catenin is mutated and β-catenin/tcF signaling is constitutively activated (25, 26) . however, the levels of β-catenin/ tcF signaling differ among cancers according to the type and/or the combinations of mutations (27) . We therefore divided the dataset into two subgroups based on the expression levels of known Wnt target genes and termed them the 'Wnt high group' and 'Wnt low group', respectively (Fig. 4B) . Samples from normal colons were classified as the Wnt low group. an association of β-catenin/tcF signaling and ptprd expression was noted in the Wnt high group, but not in the Wnt low group (Fig. 4c ). We also performed cox's regression analysis and found that both overall survival and disease-free survival were correlated with the expression level 
A B C D
of PTPRD (p=0.008 and p=0.0025, respectively; Fig. 4D , upper panel). Furthermore, a significant correlation between ptprd expression and survival was observed only in the Wnt High group, but not in the Wnt Low group (p=0.036 and p=0.22, respectively; Fig. 4D, lower panel) . Taken together, these results suggest the possibility that the down-regulated expression of ptprd contributes to the invasive properties and poor patient outcome in human colon cancers in coordination with β-catenin/tcF signaling.
Discussion
in the present study, ptprd suppressed cancer cell migration in cooperation with β-catenin/tcF signaling. Furthermore, cd44, a target of Wnt signaling (28, 29) , was required for ptprd-mediated regulation of cell migration. When β-catenin/tcF signaling was activated, thereby enhancing cd44 expression, ptprd suppressed the migratory activity of the cancer cells. it is well known that cd44 interacts with Erm proteins and regulates actin polymerization and cell migration (16) . moreover, aberrant expression and splicing of cd44 were found to be correlated with invasion and patient outcome in colon cancer. Our observation suggests that ptprd and cd44 regulate cell migration and progression in cooperation. Further study is required to clarify the molecular mechanisms underlying this cooperation. in addition to migration and invasion, cd44 was recently reported to be a marker for cancer stem cells in breast and colon cancer (30, 31) . notably, both cd44 and ptprd were found to be enriched in lgr5-positive mouse crypt stem cells (32) . these observations suggest that ptprd and cd44 function cooperatively in stem cell maintenance. the role of ptprd in cancer stem cells is currently under investigation in our laboratory.
We found that reduced expression of ptprd was correlated with invasive status and poor survival in colon cancer patients. Furthermore, significant correlations were observed only in the patients where Wnt signaling was highly activated. this observation suggests that the effect of ptprd on cell migration depends on the status of β-catenin/tcF signaling. activation of β-catenin/tcF signaling is also observed in glioblastoma and melanoma (33, 34) , in which homozygous deletions and epigenetic silencing of ptprd are found. hence, investigation of the association of ptprd and β-catenin/tcF signaling in these cancers is warranted.
Our migration assays revealed that ptprd regulates cell migration in a catalytic activity-independent manner. in this regard, it is interesting that ptprd has been reported to interact with the liprin-α family of proteins and mim through its catalytic inactive d2 domain. liprin-α is a multi-domain scaffolding protein that localizes rptp to cell focal adhesions and regulates their disassembly. mim is an actin binding protein that induces cell shape changes, such as the formation of lamellipodia-and filopodia-like structures. The expression level of mim is negatively correlated with the metastatic activities of various cancer types, indicating its suppressive role in cell migration and invasion. these observations suggest that ptprd regulates cell migration in conjunction with these cytoskeletal rearrangement factors via its catalytic inactive d2 domain.
We also investigated the role of ptprd in cell-cell adhesion and showed that ptprd is required for the formation of appropriate cell-cell contacts. in addition, we found that ptprd interacts with cell-adhesion molecules, such as β-catenin and E-cadherin, through its d2 domain. it is known that lar and ptprS, homologs of ptprd, dephosphorylate β-catenin and thereby stabilize cell adhesion and inhibit cell migration and neurite outgrowth (35, 36) . it is therefore possible that β-catenin is a substrate of ptprd, and that the suppression of ptprd leads to disruption of the β-catenin/ E-cadherin complex and cell-cell adhesion.
in the absence of Wnt signaling, ptprd enhanced cell migration in a phosphatase activity-dependent manner. Some protein tyrosine phosphatases are known to dephosphorylate and activate the Src family of kinases (37, 38) . thus, it is also possible that ptprd activates the Src family of kinases and thereby increases the migratory activity of cancer cells. Furthermore, it has recently been reported that ptprd dephosphorylates Stat3 and inhibits cell proliferation and transformation (11) . in general, tyrosine phosphatases dephosphorylate a wide-range of substrates. therefore, further efforts to search for novel substrates are required for the better understanding of the function of ptprd in cancer progression.
